An AKT inhibitor plus an antiestrogen exhibited no significant clinical activity in patients with ER þ /HER2 À breast cancer despite laboratory studies supporting an antitumor effect for both drugs combined. These results raise concerns about the development of AKT inhibitors in unselected patients whose tumors have unknown dependence on the PI3K/AKT pathway.
À breast cancer. In laboratory experiments, the combination of MK-2206 with fulvestrant induced significant apoptosis in human breast cancer cells resistant to long-term estrogen deprivation, an experimental intervention equivalent to treatment with aromatase inhibitors, particularly in those with either PIK3CA or PTEN mutations. Despite these preclinical findings, the authors did not observe any significant antitumor effect of the combination in patients.
The administration of MK-2206 was limited by the development of rash and slow resolution of this toxicity, probably due to the drug's long half-life of 60 to 90 hours. Despite amelioration of the rash by prednisone prophylaxis, 17% of patients discontinued treatment due to toxicities. Notably, only 20% of patients developed hyperglycemia, an on-target toxicity of PI3K pathway inhibitors and a surrogate of drug-induced inhibition of PI3K, suggesting the dose of MK-2206 used did not optimally inhibit AKT in vivo. In addition to this limitation, we propose two plausible explanations to potentially explain the discrepancy between the preclinical studies and the clinical trial: either the combination was tested in patients that were not appropriately selected and/or the drug combination was not the optimal one to induce an antitumor effect. The preclinical data suggested that the combination of MK-2206 and fulvestrant would be successful in patients with tumors that are ER þ , with mutations in the PI3K pathway, and refractory to prior treatment with aromatase inhibitors. The latter is consistent with reports showing that hyperactivation of the PI3K/AKT pathway confers adaptation of ER þ breast cancer cells to estrogen deprivation. In these studies, PI3K inhibitors abrogated this adaptation and/or synergized with antiestrogens in inducing an antitumor effect (2) . Clinically, the benefit of adding a PI3K pathway inhibitor to endocrine therapy has also been mostly seen in patients with secondary endocrine therapy resistance (3). Relevant to this point, the patients accrued to the study discussed herein were relatively endocrine therapy-na€ ve: 35% of patients have not had any treatment in the metastatic setting, and 50% have not had adjuvant endocrine therapy. Furthermore, only 23% had a reported alteration in the PI3K pathway in their tumors, with only one tumor harboring an AKT mutation (E17K). Finally, small numbers of patients were included in three different treatment cohorts [MK-2206 with anastrozole (n ¼ 16), fulvestrant (n ¼ 8), or both (n ¼ 7)], making it hard to draw any conclusions about clinical outcomes. Was MK-2206 the right AKT inhibitor? Our laboratory and others have shown that ATP-competitive (GSK690693, GDC0068, AZD5363) and allosteric antagonists of AKT (MK-2206) inhibit AKT kinase activity in a dose-dependent fashion as determined by the phosphorylation of AKT substrates in multiple tumor cells, including melanoma, breast, and lung cancer (4). Vivanco and colleagues (5) reported a PH domain-dependent, kinase-independent function of AKT associated with cancer cell survival. In the same study, a comparison of MK-2206 with the ATP-competitive inhibitors GSK690693 and GDC0068 showed that the latter induced less cell death than MK-2206 despite greater inhibition of phosphorylation of AKT substrates. This can be explained in part by structural studies demonstrating that allosteric inhibitors lock AKT in a closed conformation, with its phospholipid binding site blocked by the kinase domain (6) . In stark contrast, cells treated with ATP-mimetics displayed increased binding of AKT to PtdIns(3,4)P2 (PIP2) and PtdIns(3,4,5)P3 (PIP3) and increased localization of AKT at the plasma membrane, resulting in its hyperphosphorylation at the PDK1 site T308 and the mTORC2 site S473 (5). Thus, ATP-competitive AKT inhibitors promote membrane localization of AKT and fail to block its kinase-independent function, liabilities that may limit their effectiveness compared with allosteric inhibitors. On the other hand, other studies have shown that cancer-associated mutations like E17K-AKT1 with constitutive membrane association exhibit reduced sensitivity to allosteric inhibitors compared with ATP-competitive inhibitors (7) . Putting individual pharmacologic differences aside, determining which type of AKT inhibitor would be mechanistically more effective will require clinical trials focused in patients with aberrantly activated AKT and/or mutant AKT.
Another limitation of the use of AKT inhibitors as single drugs against tumors with aberrant PI3K signaling is that by relieving feedback inhibition of upstream signaling molecules, treatment with AKT inhibitors induces expression and phosphorylation of several receptor tyrosine kinases (RTK; ref. 8) which, in turn, activate PI3K, PDK1, and other non-AKT targets downstream (Fig. 1) . In ER þ breast cancer cells, there is also upregulation of ER levels and ER transcription upon therapeutic inhibition of AKT (9) Inhibition of the PI3K/AKT/mTOR signaling pathway. A, depiction of the pathway in steady state. RTK activation by ligand binding stimulates PI3K, which converts phosphoinositol bisphosphate, PI(4,5)P2 (PIP2), to phosphoinositol trisphosphate, PI(3,4,5)P3 (PIP3), which serves as docking site for the membrane localization of PH domain-containing molecules like PDK1 and AKT. PDK1 phosphorylates AKT at T308 and mTORC2 phosphorylates AKT at S473, leading to full activation of AKT. In turn, AKT phosphorylates FOXO, thus retaining it in the cytoplasm and preventing FOXO-mediated transcription of RTKs and ER. Pathway stimulation also activates mTORC1, which represses IRS-1, thus attenuating PI3K-PDK1-AKT signaling. B, MK-2206 inhibits both AKT and downstream mTORC1 activity. As a consequence of this, there is a relief of mTORC1-dependent feedback inhibition of insulin-like growth factor receptor 1 (IGFIR)/IRS-1 signaling, as well as AKT repression of FOXO with subsequent upregulation of RTKs and stimulation of PI3K, PDK1 and other non-AKT targets downstream. Thus, inhibition of the AKT node is an intrinsically incomplete approach for effective blockade of the PI3K pathway. Effective inhibition of this pathway would require blocking different nodes and alternative signaling pathways to achieve antitumor activity in tumors with aberrant activation of the PI3K pathway. mutations in the BOLERO-2 trial (11) benefited from the combination of the aromatase inhibitor exemestane plus the mTORC1 inhibitor everolimus. Whether inhibition of mTORC1 and inhibition of PI3K upstream, with either pan-PI3K or PI3Ka inhibitors, are equivalent strategies against tumors with mutant PIK3CA remains to be studied.
A transforming E17K somatic mutation in the PH domain of AKT1 has been reported in breast, colorectal, lung, ovarian, and endometrial cancers (12) . Within ductal and lobular breast cancers, E17K-AKT1 is mutually exclusive with E545K-and H1047R-activating PIK3CA mutations. The transforming activity of E17K-AKT1 is apparently due to PIP3-independent recruitment to the plasma membrane while still facilitating activation by RTKs and exhibiting reduced sensitivity to AKT allosteric inhibitors. Despite its leukemogenic effect in vivo, evidence that E17K-AKT1 is an oncogenic driver and/or that generates AKT dependence in human tumors is lacking. Indeed, we are unaware of exceptional responders to AKT inhibitors among patients with E17K-AKT1 mutant tumors. However, a recent report by Hyman and colleagues (13) Other initiatives similar to the above-mentioned trial are in progress. The NCI Molecular Analysis of Therapy Choice (NCI MATCH) is a large multiarm clinical trial with the primary objective of assessing objective response and time to progression in cohorts of tumors with a similar genotype regardless of anatomic site (14) . Patients with any solid tumor or lymphoma harboring the same actionable somatic mutation will be enrolled in one of the several arms in MATCH using a therapy targeted to such genetic alteration. At the time of this writing, MATCH is planning an arm for patients with tumors with AKT mutations treated with AZD5363. In our opinion, genotype-specific trials like MATCH or the one above by Hyman and colleagues focused on AKT-mutant tumors will be required to ensure that AKT inhibitors have any chance of clinical success. Because of the known mechanisms of compensation that follow inhibition of AKT, these trials should also incorporate the addition of other therapies once patients progress on single-agent AKT inhibitors.
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